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Vertebrate development: Multiple phases to endoderm formation
Leslie Dale
Recent results support a two-step model for endoderm
formation in amphibian embryos, in which endoderm is
initially specified by localised maternal factors, including
the transcription factor VegT, but is then maintained by
extracellular signalling molecules of the transforming
growth factor-β family.
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Embryologists have long recognised that the earliest
steps in the development of a vertebrate embryo involve
the formation of the three primary germ layers — the
ectoderm, mesoderm and endoderm. These germ layers
are found in all vertebrate embryos and give rise to quite
distinct types of tissue: the ectoderm forming the epider-
mis and nervous system; the mesoderm forming the
skeleton, muscle, connective tissues, blood and internal
organs such as the heart and kidney; the endoderm forming
the epithelial linings of the digestive tract and associated
organs such as the lungs, liver and pancreas. The forma-
tion of the ectoderm and mesoderm has been studied in
amphibians for many years and consequently much
progress has been made in understanding the mechanisms
regulating their development. 
Relatively few studies have looked at formation of the
endoderm, however, largely because of the poor differentia-
tion of endoderm in the absence of mesoderm and a lack of
molecular markers for this germ layer. In recent years,
however, a number of genes specifically expressed in the
developing endoderm of the frog Xenopus laevis have been
identified, and studies using these genes have now led to
a specific model for how this germ layer is produced in
two steps involving, first specification by a maternally-
provided transcription factor, and second, maintenance by
cell–cell signalling.
Xenopus eggs are clearly polarised, with a darkly pigmented
animal hemisphere and a lightly pigmented vegetal hemi-
sphere. Fate mapping studies have shown that the endo-
derm is derived from the vegetal hemisphere (Figure 1)
and explants of this region express a range of genes that are
specifically expressed in the differentiating endoderm —
for example, endodermin, IFABP and xlhbox8 [1,2]. This
suggests that endoderm is autonomously specified and one
way this could be achieved is by the localization of a
maternal determinant to the vegetal pole of the egg. A
good candidate for this endodermal determinant is a T-
box transcription factor called VegT — also known as
Antipodean, Brat, and Xombi — which is localised to the
vegetal cortex of fully-grown oocytes and the vegetal
hemisphere of blastulae [3,4]. Injection of vegT mRNA
into animal blastomeres induces the expression of endo-
derm-specific, as well as mesoderm-specific, markers [4],
and depletion of maternal vegT transcripts using antisense
oligonucleotides blocks endoderm formation [5]. Loss of
endoderm is accompanied by a shift in the fate map, with
mesoderm now forming in the vegetal hemisphere rather
than the marginal zone as in control embryos.
VegT is a transcription factor, so it was logical to suggest
that it must activate the expression of zygotic genes in
midblastulae, the point during embryogenesis when the
zygotic genome becomes trancriptionally active. Potential
targets for VegT include genes encoding the transcription
factors Sox17 (α and β), Mix1, Mixer and Bix1–4.
Transcripts for these genes are localised to the vegetal
Figure 1
Fate maps of the 32-cell Xenopus embryo
show that the endoderm is derived from the
vegetal hemisphere, while the ectoderm and
mesoderm are derived from the animal
hemisphere and equatorial marginal zone,
respectively [21]. In each diagram the animal
pole is uppermost and dorsal is to the right.
Darker coloured blastomeres make a greater
contribution to the germ layer than more
lightly coloured blastomeres. 
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hemisphere of late blastulae and expressed in animal caps
following injection of vegT mRNA [6–11]. Moreover,
misexpression of these genes in animal caps causes ectopic
expression of late endodermal markers, and dominant-
negative forms of Sox17, Mix1 and Mixer disrupt endo-
derm formation [6–8]. Inhibition of Sox17 converts vegetal
pole explants into mesoderm [6], a phenotype similar to
that of maternal vegT-depleted embryos [5]. 
So far, only the bix4 gene has been shown to be a direct
target for VegT. Expression of bix4 requires maternal VegT,
and its promoter contains two VegT-binding sites that are
both sufficient and necessary for endodermal expression
of reporter constructs [10]. Injection of bix4 mRNA will
also rescue endoderm formation in embryos in which
maternal vegT transcripts have been ablated. Sox17 and
mix1 may also be direct targets for maternal transcription
factors such as VegT, as both genes are expressed in the
absence of protein synthesis, albeit at reduced levels [11].
In contrast, expression of mixer is activated in late blastu-
lae and requires protein synthesis, indicating a require-
ment for a zygotic factor.
While these results emphasise the importance of cell
autonomous factors in endoderm formation, it is also
clear that cell–cell interactions play a key role during late
blastula stages. For example, single cell transplantation
experiments have shown that vegetal blastomeres only
become committed to the endoderm by the beginning of
gastrulation [12]. When transplanted at earlier stages
they can contribute to all three germ layers, adopting the
fate of their new neighbours. The extracellular environ-
ment thus plays an important role in specifying endo-
derm in late blastulae. This was recently confirmed by
dissociating Xenopus embryos at various times until the
beginning of gastrulation and analysing the expression of
early endodermal markers [11]. Dissociation during late
blastula stages either blocked (mixer and gata4) or greatly
reduced (sox17 and mix1) expression of endodermal
markers, while dissociation at earlier stages had no dis-
cernible effect. This suggests that, whereas cell autonomous
factors are sufficient to activate expression of sox17 and
mix1, cell–cell interactions are required to activate expres-
sion of mixer and gata4, and to allow accumulation of tran-
scripts for all four genes. A recent study with zebrafish
embryos [14] has also provided strong support for the
view that cell–cell interactions are required for the activa-
tion of mixer expression.
The identities of the extracellular signals responsible for
endoderm formation are still a matter of conjecture, but
they probably belong to the transforming growth factor-β
(TGF-β) family. Several members of this large family of
cell-signalling molecules induce endodermal, as well as
mesodermal, markers in animal caps, and inhibition of
TGF-β signalling transforms vegetal blastomeres into
ectoderm and mesoderm [1,2]. Moreover, endodermal
markers are induced in dissociated embryos by a constitu-
tively active form of the TGF-β receptor [11]. A vegetally
expressed member of the TGF-β family is thus required for
endoderm formation and vg1, which is localised to the
vegetal hemisphere of Xenopus eggs, is a very attractive can-
didate. An active form of Vg1 induces both early and late
endodermal markers in animal caps [2,8,11,13], and a domi-
nant-negative mutation of this protein disrupts endoderm
formation in Xenopus embryos [15]. Active Vg1 has not yet
been detected in vivo, however, and misexpression of wild-
type Vg1 does not induce endoderm or mesoderm in animal
caps. Vg1 is also strictly maternal and the failure of endo-
derm formation in vegT depleted embryos indicates a
requirement for zygotic factors. 
A zygotically expressed vg1-related gene called derriere
has recently been described that induces both mesoder-
mal and endodermal markers in animal caps, including
vegT [16]. Transcripts for derriere are localised to the
vegetal hemisphere of Xenopus blastulae [16] and accumu-
late in the absence of protein synthesis and cell–cell
interactions [11,13]. This suggests that maternal factors
are responsible for activating derriere expression cell
autonomously, and VegT is a prime candidate for one
such factor. Misexpression of vegT activates derriere
expression in animal caps, and dominant-negative muta-
tions in the two genes generate remarkably similar pheno-
types when expressed in Xenopus embryos [4,16].
Unfortunately, the effect of these mutations on endoderm
formation was not tested, but both mutations disrupt the
development of posterior mesoderm. Interestingly, the
phenotype of embryos injected with dominant-negative
derriere can be rescued by coinjection of vegT mRNA [16].
As Derriere induces vegT expression in animal caps, these
genes probably form a regulatory loop that is required to
maintain their expression. 
Other genes for members of the TGF-β family that are
activated on misexpression of VegT include activin βb and
the nodal-related genes xnr1, xnr2 and xnr4 [11,13]. All
four genes induce endodermal markers in animal caps, and
the expression domains of the xnr genes are localised to
the vegetal hemisphere of late blastulae. Xnr4 and activin βb
may also be activated cell autonomously by VegT, whereas
xnr1 and xnr2 activation appears to require cell interactions.
A role for these nodal-related genes in endoderm forma-
tion has been suggested by the effects of a dominant-neg-
ative mutation of xnr2 that also inhibits xnr1 and xnr4 [17].
Expression of this mutant gene in early Xenopus embryos
resulted in delayed and reduced expression of general
endoderm markers (sox17 and mixer) as well as of markers
for dorsoanterior endoderm (cerberus, frzb and xhex). These
dorsoanterior genes are associated with an endodermal sig-
nalling centre that is required for head formation, and the
injected embryos exhibit head defects. 
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A role for Nodal-related signalling has also been sug-
gested by genetic studies in zebrafish, where double
mutant embryos for the cyclops (znr1) and squint (znr2)
genes fail to express both mesodermal and endodermal
markers [14,18]. While expression of mixer is normal in
cyclops single mutants, it is reduced in squint single
mutants and barely detectable in cyclops; squint double
mutants [14]. Endoderm formation and expression of
both mixer and sox17 is also reduced in embryos homozy-
gous for mutations in the one-eyed pinhead gene, which
encodes a protein required for Nodal signalling, but
endoderm formation can be rescued in these mutant
embryos by injection of mixer mRNA [14]. This suggests
that mixer acts downstream of Nodal-related genes to reg-
ulate endoderm formation.
A model is now emerging in which endoderm is specified
in at least two phases (Figure 2). First, a localised mater-
nal determinant activates the expression of early zygotic
genes such as sox17, mix1, derriere and xnr4, in the vegetal
hemisphere. This determinant is probably VegT, but
other maternal factors may also be involved, including the
localised signalling molecule Vg1. Second, cell signalling
molecules are required to maintain expression of these
early zygotic genes and to induce expression of additional
genes (mixer, gata4, xnr1 and xnr2). These signals are
most probably mediated by members of the TGF-β
family, with Derriere and Xnr4 being the primary candi-
dates. The induction of extra signalling molecules (xnr1
and xnr2) may also indicate that an additional phase of
cell signalling is required in late blastulae. An additional
pathway, including β-catenin and the transcription factor
Siamois, which are active on the dorsal side of late blastu-
lae, appears to act in conjunction with TGF-β signals to
specify anterior endoderm, the first step in establishing
regional identities in the endoderm [7,19]. 
A similar model has also been suggested for endoderm
formation in zebrafish [14], indicating that it may apply to
all vertebrate embryos. Elements of this model are very
similar to recently described models for mesoderm forma-
tion [20], reflecting the involvement of similar sets of
genes in both processes. This also creates a problem,
however, for if the same genes are responsible for specify-
ing both mesoderm and endoderm how are these two
germ layers distinguished? Further studies are required to
provide answers to this question.
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Figure 2
Two-step model for endoderm formation in amphibian blastulae.
(a) The initial step involves maternal factors localised to the vegetal
hemisphere during oogenesis, including the T-box transcription factor
VegT and possibly the extracellular signalling molecule Vg1. VegT
activates zygotic expression of genes encoding additional transcription
factors, such as sox17 and mix1, as well those encoding cell signalling
molecules, such as derriere and xnr4. (b) Derriere acts to maintain
expression of vegT and to induce expression of additional genes,
including both those for transcription factors (mixer) and those for cell
signalling molecules (xnr1 and xnr2). In addition to a role in endoderm
formation, these zygotic cell signalling molecules may also contribute
to the vegetally localised signal responsible for inducing mesoderm in
the marginal zone.
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